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Innate positive chemotaxis to 
pollen from crops and banker 
plants in predaceous biological 
control agents: towards new field 
lures?
Shu Li1,2, Xiaoling Tan3, Nicolas Desneux4, Giovanni Benelli5, Jing Zhao1,2, Xinhai Li3, 
Fan Zhang1, Xiwu Gao2 & Su Wang1
Predator-prey interactions form the core of biological control of arthropod pests. Which tools can 
be used to monitor and collect carnivorous arthropods in natural habitats and targeted crops? Eco-
friendly and effective field lures are urgently needed. In this research, we carried out olfactometer 
experiments assess innate positive chemotaxis to pollen of seven crop and banker plant by two 
important predatory biological control agents: the coccinellid Propylea japonica (Thunberg) and the 
anthocorid Orius sauteri (Poppius). We compared the attractiveness of pollens from crops and banker 
plants to that of common prey homogenates (aphids and thrips, respectively). Attractiveness of the 
tested odor sources was checked via field trapping experiments conducted in organic apple orchards 
and by release-recapture assays in organic greenhouse tomato crops. Maize and canola pollen 
were attractive to both P. japonica and O. sauteri, in laboratory and field assays. P. japonica was 
highly attracted by balm mint pollen, whereas O. sauteri was attracted by alfalfa pollen. Our results 
encourage the use of pollen from crops and banker plants as low-cost and eco-friendly attractors to 
enhance the monitoring and attraction of arthropod predators in biological control programs.
Predator-prey interactions form the core of biological control of arthropod pests, which have proven 
invaluable in the fields of both agricultural pest management and natural resource conservation1–6. 
Reductions in the costs of labor, pesticides, and equipment, as well as a possible return to pre-invasion 
ecological services, constitute a persuasive argument for enhancing conservational biological control 
in the years to come7–9. Bokonon-Ganta evaluates economic of biological control of mango mealybug, 
resulting in a benefit-cost ratio of 145:110,11. That is far out weighing the cost of unsuccessful biological 
control program12–15. However, attention should be paid to the possibility of interactions with non-target 
organisms16,17. To reduce or avoid such interactions, new tools have been developed, including host 
specificity testing (e.g.18,19), which should be carried out in the target habitat whenever possible20,21. 
Today, large numbers of predatory arthropods are collected, mass-reared and then released in targeted 
agro-ecosystems in augmentative biological control programs8,22. These programs benefit from tools that 
can be used to attract, collect and monitor predatory arthropods in natural habitats and targeted crops. 
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To meet this need, efforts have been made to shed light on the chemical and physical cues used for prey 
location by biological control agents23–27. Much emphasis has been dedicated to prey-source semiochem-
icals, including herbivore-induced plant volatiles, prey sexual pheromones, aggregation pheromones, and 
enemy-avoidance kairomones28–35. These semiochemicals have been proposed as field lures to be used in 
IPM programs to monitor natural enemy populations or to re-establish predator-prey relationships that 
have become decoupled in disturbed agricultural habitats27,36.
Olfactory cues produced by herbivore-free plants, such as volatile organic compounds from pollen 
and nectar also play a role in predatory arthropod attraction33. This phenomenon has been studied in 
many parasitoid species37,38, however little knowledge is available about the attractiveness of floral origin 
olfactory cues to predatory species39–41. In addition, a number of flowering plant species support predator 
arthropod populations by providing supplementary food (e.g. nectar and pollen)37,40, shelter for mating 
activity9,42,43 and protection from pesticides44–46. Food web enhancements using banker plants may help 
limit pest populations by re-attracting natural enemies, and diminishing the cost47–49.
Recent research on the harlequin ladybird, Harmonia axyridis (Pallas) showed that individuals tend 
to aggregate in close proximity to plant volatiles in their natural habitat50–54, and that abundant ladybird 
populations can be found in alfalfa and white clover fields during the entire growing season, seeking 
aphids or other Homoptera species55,56. Preliminary our observations have indicated that pollen of dif-
ferent crops (e.g. alfalfa, maize, and canola) attracts a number of predatory ladybirds and flower bugs 
during the early spring. Conserved native grassland flora located nearby orchards has been associated 
with increased predator biodiversity and enhanced biological control effectiveness9,57,58.
Based on these findings, we hypothesized that substances such as pollen from crops and banker 
plants will attract predator. We performed olfactometer experiments to assess innate positive chemot-
axis toward seven crop and banker plant pollens by two important predators, the coccinellid Propylea 
japonica (Thunberg) and the anthocorid Orius sauteri (Poppius). In their native regions, both P. japonica 
and O. sauteri help to suppress outbreaks of various arthropod pests, such as aphids, thrips, and spi-
der mites in orchards, fields and greenhouses59–63. We compared the attractiveness of different pollens 
from crops and banker plants to that of prey homogenates of P. japonica and O. sauteri (i.e. aphids and 
thrips, respectively). Attractiveness of the tested odor sources under field conditions was studied by 
field trapping experiments conducted in organic apple orchards and release-recapture assays in organic 
greenhouse tomato crops.
Materials and Methods
Predatory biocontrol agents. From May to June, 532 adults of P. japonica (213 males and 319 
females) were collected from alfalfa fields, and 119 adults of the flower bug O. sauteri (61 males and 58 
females) were collected from white leaf clover (Trifolium repens L.) fields, in Beiliu village, Changping, 
Beijing (N40°17′ , E116°0′ ). Both predators were transferred to the laboratories of the Institute of Plant 
and Environment Protection (Beijing Academy of Agriculture and Forestry Sciences) for rearing. 
Predators were reared in cages measuring 40 × 40 × 45 cm, constructed of aluminum frames and 178 um 
mesh net fabric at a density of 30 pairs per cage. P. japonica and O. sauteri were provided ad libitum with 
3rd instar nymphs of Megoura japonica (Matsumura) aphids on horsebean (Vicia faba L.) and 3rd instar 
nymphs of Frankliniella occidentalis (Pergande) thrips on cotton plant (Gossypium), respectively. Cages 
were placed into artificial environmental chambers (MH350, Sanyo, Japan) with T = 25 °C, RH = 65%, 
photoperiod (L:D) = 16:8 and light intensity = 900 lux.
Olfactometer. A custom-made ten-arm olfactometer (Jingyi, Beijing, China) was used to evaluate 
innate - chemotaxis of P. japonica and O. sauteri adults to odor sources of plant or insect origin. The 
olfactometer is described in Fig. 1. The entrance hole (diameter 3.0 cm) was located in the center of an 
insect release chamber (diameter = 45.0 cm, height = 1.5 cm), which was connected to 10 odor-source 
arms made of glass tubes (diameter = 0.5 cm, length = 3.0 cm). Air flow into each arm passed through a 
series of four chambers, included a distilled water filter chamber, an activated carbon filter chamber, an 
attractor chamber and a sampling chamber (for collecting attracted predators) (Fig.  1). At the sample 
movement chamber, the airflow meter was connected to the sampling chamber in each odor-source 
arm. An air pump (Sunny Industry, AirPower 6-CL, Beijing, China) was connected to the insect release 
chamber and set for constant airflow of 1,500 ml min−164. To avoid any bias from surroundings, the 
10-arm olfactometer was placed inside a white plastic box (120 × 120 × 80 cm) illuminated by four white, 
overhead LED white lights (800 lux each). Preliminary trials using empty odor-sources did not show 
directional bias for either predator (P. japonica χ2 = 7.131, P = 0.117; O. sauteri: χ2 = 8.379, P = 0.1196).
Pollen collection and insect-borne odor-sources. Nine odor sources were evaluated for innate 
positive chemotaxis in P. japonica and O. sauteri. We tested seven floral-borne odor sources: canola 
pollen (Brassica campestris L. cv. Jingyou-1), maize pollen (Zea mays L. cv. Denghai-605), rose pollen 
(Rosa chinensis Jacq.), amaranth pollen (Myosotis sylvatica L.), white clover pollen (Trifolium repens L.), 
balm mint pollen (Mentha haplocalyx Briq.) and alfalfa pollen (Medicago sativa L.). The pollens were 
produced and purified at Zhongnong Company from China academy of agricultural science. All pollens 
were collected daily by shaking the flower in a plastic bag. The collected pollen was air-dried at room 
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temperature for 48 h and subsequently passed through a screen to remove anthers and contaminants. 
Pollen collected from each flower was pooled and stored at − 80 °C until used.
The two insect-borne odor-sources were homogenates of 3rd instar nymphs of M. japonica and F. 
occidentalis, common preys of P. japonica and O. sauteri, respectively. Control odor source was clean air.
Olfactometer experiments. In olfactometer experiments, 65 P. japonica female adults or 65 O. sau-
teri female adults were gently transferred into the release chamber before starved 12 hours. The nine 
odor sources, balanced for weight (50.0 mg/odor source) were placed into attractor chambers positioned 
at the end of each odor arm, with the last attractor chamber empty after 30 min, the insects found in 
the sampling chamber of each arm were counted. The test was replicated 10 times with each predator. 
In each replicate, odor sources were randomized and all olfactometer arms were rotated by 36° to avoid 
experimental bias. After each replicate, olfactometer components were cleaned by the soap-water rinse 
hexane method described in Benelli et al.34.
Field attraction assays in organic apple orchard. We used the sampling trap described by Wang 
et al.52 to evaluate the attraction of P. japonica and O. sauteri toplant pollens (canola, maize, rose corolla, 
amaranth corolla, white clover, balm mint and alfalfa) in organic apple orchards (a natural habitat for 
both species). Prey homogenates of M. japonica and F. occidentalis were also tested in the orchard. A 
potential attractor, balanced for weight (100 g/trap), was placed into each sampling trap. Moist cotton 
(100 g) served as control52. The field survey was carried out in an organic apple orchard (WANG J-Y 
organic apple Co. Ltd. N40°10′ , E116°2′ , WANG J-Y village, Changping, Beijing) during August and 
September 2012. For each predator species, the test was repeated 10 times. In each replicate, field attrac-
tion was evaluated by placing 3 traps per treatment in the orchard. Sampling traps for each attractor or 
control were randomly distributed in the orchard at a height of 1.5 m above the ground. The minimum 
distance separating traps is 12 m that not to interfere with each other. After 24 h, for each species, the 
number of trapped adults was recorded.
Release -recapture assays in organic greenhouse tomato crops. These experiments were carried 
out from May to July 2013 in organic tomato greenhouses (7500 cm × 600 cm each) at NOYA Organic 
Farm (N40°108′ , E116°99′ ) in Pinggu County, Beijing. Initially, 1500 tomato plants, each with 6 main 
leaves, were transplanted into each greenhouse. After 5 days, over 500,000 spider mite adults, Tetranychus 
cinabarinus were released into the greenhouse. Eleven days later, randomly selected unmated P. japonica 
(35 adults) or O. sauteri (90 adults) were released in the greenhouse, when the spider mites get even 
distribution. We used the same sampling traps described above for our field attraction assays in organic 
apple orchards52. Ten sampling traps baited with different attractors (100 g each, control: moistened 
Figure 1. Ten-arm olfactometer used to test innate attraction to crop and banker plant pollen and prey 
homogenate in the predatory biological control agents Propylea japonica and Orius sauteri. A = entrance; 
B = release chamber for predator; C = arm. Airflow in from the arms is created by an air pump placed under 
the release chamber. For each arm, odor source is located in the attractor chamber. The connection between 
the attractor and sampling chambers is depicted (lateral view) at the bottom.
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cotton) were set in each greenhouse 24 h post-release. After 3 days, the traps were inspected and the 
P. japonica and O. sauteri individuals were counted. The greenhouse tests were replicated 10 times. The 
site of each sampling trap was randomized in each replicate.
Data analysis
Statistical analyses from both data form olfactometer and field tests were based on a log-linear model for 
inter-comparison group difference, in difference with the method described by Turling et al.65, Tamo et al.66  
and Davison & Ricard67,68. We used on a stochastic model developed from Tamo et al.66, to allowing for 
data on the multinomial distribution. The number of predators choosing the ith arm (i = 1,…,10) indi-
cates the relative attractiveness of the corresponding odor source, which is parameterized by λ i . If only 
the odor source affects predator’s choice, and this effect is the same for all predators, the corresponding 
model is
β=λlog i p
where β p measures the attractive of either an empty arm or of the odor source in the ith arm. The ration 
of residual deviance to degree of freedom was less than 1, indicated therefore no data over dispersion.
Results
Innate positive chemotaxis in the olfactometer. There were significant differences in the attrac-
tiveness of crop and banker plant pollens for predatory. In P. japonica experiments, canola pollen, maize 
pollen and balm mint pollen were more attractive compared to other treatments (P < 0.01). Rose corolla 
pollen, amaranth corolla pollen, white clover pollen and alfalfa pollen where also more attractive than 
the control (Fig. 2A). In O. sauteri experiments, canola pollen, maize pollen and alfalfa pollen were more 
Figure 2. Behavioral responses of two predatory biological control agents, (A) Propylea japonica and  
(B) Orius sauteri, to various plant- and prey-borne substances in olfactometer tests. T-bars are standard 
errors. Bars having no letters in common represent significantly different response levels with each graph.
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attractive compared to other treatments (P < 0.01). Rose corolla pollen, amaranth corolla pollen, white 
clover pollen and balm mint pollen were more attractive than the control (Fig.  2B). Prey homogenate 
odors were not attractive.
Field attraction in organic apple orchards. Field attraction assays confirmed the behavioral 
responses seen in olfactometer experiments (Fig. 3). Balm mint pollen and maize pollen attracted more 
P. japonica than other treatments (P < 0.01), while rose corolla pollen, amaranth corolla pollen, white 
clover pollen and alfalfa pollen were more attractive than the control (Fig.  3A). Alfalfa pollen, maize 
pollen and canola pollen attracted more O. sauteri adults over other treatments (P < 0.01). Rose corolla 
pollen, amaranth corolla pollen, white clover pollen and balm mint pollen were more attractive than the 
control (Fig. 3B). Attraction to prey homogenates did not differ from the control.
Release-recapture in organic greenhouse tomato crops. Release-recapture assays carried out 
with P. japonica and O. sauteri in greenhouse tomato crops showed results comparable to our previous 
experiments (Fig. 4). In P. japonica trials, balm mint pollen was the best lure, followed by maize pollen, 
canola pollen and rose corolla pollen (P < 0.001) (Fig.  4A). P. japonica attraction to amaranth pollen, 
aphid or thrip homogenates was not different from the control (Fig. 4A). In O. sauteri trials, maize pol-
len was the most effective lure, followed by canola pollen and alfalfa pollen (P < 0.001) (Fig. 4B). Rose 
corolla pollen, amaranth corolla pollen and white clover showed higher attraction than control or the 
prey homogenates (Fig. 4B). The majority of P. japonica (82%) and O. sauteri (70%) were recaptured.
Discussion
For decades, researchers have sought effective lures to attract entomophagous insects from natural hab-
itats into crops, since this could help reduce the need for natural enemy augmentation that relies on 
artificial mass rearing8,20,52. Traps enhanced with low-cost lures within an agro-ecosystem may help to 
Figure 3. Attraction shown by two predatory biological control agents, (A) Propylea japonica and  
(B) Orius sauteri, to various plant- and prey-borne substances in organic apple orchards. T-bars are standard 
errors. Bars having no letters in common represent significantly different response levels with each graph.
www.nature.com/scientificreports/
6Scientific RepoRts | 5:12729 | DOi: 10.1038/srep12729
monitor the population dynamics of released predatory insects, and could lead to decreased ecological 
risks resulting from their over-aggregation. However, experimental evidence of these dynamics for pre-
daceous biological control agents is hard to find. Furthermore, mass rearing of natural enemies are not 
only high cost in China, but also faced quality control challenges69. However, inundative and seasonal 
inoculative releases of natural enemies are mass applied in greenhouse. The number of natural enemies 
available has increased dramatically in future. These programs benefit from tools that can be used to 
attract, collect and monitor predatory arthropods in natural habitats and targeted crops.
Crop and banker plant pollens have been investigated as alternative foods for predatory arthropods39–41. 
Although many studies about available on the cues guiding predatory biocontrol species towards these 
food sources, our results point out the important role for olfactory stimuli. We observed that crop and 
banker plant pollens are able to induce positive chemotaxis by Coccinellidae and Anthocoridae species in 
laboratory conditions, field orchard assays and release-recapture greenhouse experiments. On the other 
hand, crushed preys were poorly attractive to predaceous arthropods, this may be due to the fact that 
predators may have adapted to easier detect plant-borne olfactory cues associated with the herbivore’s 
presence rather than to the cues from the herbivore itself.
Interestingly, maize and canola pollen show good attraction rates for P. japonica and O. sauteri, in 
both laboratory and field assays. P. japonica is also attracted by balm mint pollen, while O. sauteri is 
attracted by alfalfa pollen45,70–73. We found that maize pollen is more attractive than canola pollen for 
both P. japonica and O. sauteri. This could be due to the high sugar content of maize pollen, which far 
exceeds that of canola pollen38. Indeed, sugar-rich food can enhance flight and the host foraging ability 
of predatory insects74, and may positively affect lifespan73,75,76. In the field, many species of predators can 
be less abundant in nectar-less cotton fields than in nectared ones77.
Figure 4. Post-release re-attraction of two predatory biological control agents, (A) Propylea japonica 
and (B) Orius sauteri, to various plant- and prey-borne substances in organic greenhouse tomato. T-bars 
are standard errors. Bars having no letters in common represent significantly different response levels with 
each graph. The pie showed total percentage of predators. The percentage of predators in bars is the ratio of 
attracted by each odor source predators to total recapture predators.
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Previous research has shown that, in addition to sugars, VOC profiles from corn plants contain com-
plex odor components including green leaf alcohols, aldehydes, derivate esters, terpenes, and sesquiter-
penes78. Predatory insects may use these compounds as cues when foraging for prey79,80. For example, 
the 12-spotted ladybird Coleomegilla maculata (DeGeer) and the green lacewing Chrysoperla carnea 
(Stephens) showed electroantennographic responses to VOCs from corn pollen and leaves81. Also, 
balm mint plants are attractive to a number of herbivorous arthropods, including aphids, whiteflies and 
thrips82. Electrophysiological assays are required to shed light on which compounds are the principal 
sources of this attractiveness. Alfalfa pollen has been observed as one of the best lures for O. sauteri. 
Alfalfa has been already tested as an intercrop in cotton fields to aggregate predatory arthropods. When 
compared with pure cotton cultivation, the species richness index and diversity of natural enemies is 
often higher in intercropped fields83. At the time of alfalfa cutting, ladybirds, spiders and lacewings 
may move to cotton plants, helping to control outbreaks of Aphis gossypii Glover84. In addition, alfalfa 
fields frequently provide a favorable environment for the reproduction of aphidophagous coccinellids 
(e.g. Coccinella septempunctata L.)85 and flower bugs83. In the greenhouse release-recapture experiments, 
pollen attractiveness was lower compared to the results in the olfactometer and field assays in apple 
orchards. This may be due to other factors which affect the predator’s searching for non-prey foods. For 
instance, if greenhouse conditions presented higher prey densities than the other two experiment; this 
may deter the predators from utilizing non-prey food sources41. However, balm mint and maize pollen 
can still be proposed as good lures for P. japonica, and O. sauteri, respectively in greenhouses, since our 
results show positive chemotaxis to these two lures.
Overall, this research suggests that pollen from four plant species can serve as an eco-friendly and 
effective field lure for predatory biological control agents, both in orchard trapping surveys and in green-
house release- reattraction assays. Maize, canola and balm mint pollens can be used for the coccinellid 
P. japonica, while maize, canola and alfalfa pollens are attractive to the flower bug O. sauteri. These 
results encourage the use of pollen from crops and banker plants as low-cost and eco-friendly attractors 
to enhance monitoring and attraction strategies in predatory arthropod-based biocontrol programs. The 
appropriate placement of suitably designed and improved sampling traps may prove to be a viable tactic 
for collecting predators.
References
1. Tscharntke, T. et al. Conservation biological control and enemy diversity on a landscape scale. Biol Control 43, 294–309 (2007).
2. Straub, C. S., Finke, D. L. & Snyder, W. E. Are the conservation of natural enemy biodiversity and biological control compatible 
goals? Biol Control 45, 225–237 (2008).
3. Zehnder, G. et al. Arthropod pest management in organic crops. Annu Rev Entomol 52, 57–80 (2007).
4. De Clercq, P., Mason, P. G. & Babendreier, D. Benefits and risks of exotic biological control agents. Biocontrol 56, 681–698, doi: 
10.1007/s10526-011-9372-8 (2011).
5. Lu, Y., Wu, K., Jiang, Y., Guo, Y. & Desneux, N. Widespread adoption of Bt cotton and insecticide decrease promotes biocontrol 
services. Cah Rev The 487, 362–365 (2012).
6. Attia, S. et al. A review of the major biological approaches to control the worldwide pest Tetranychus urticae (Acari: Tetranychidae) 
with special reference to natural pesticides. J Pest Sci 86, 361–386 (2013).
7. Liu, Y.-Q., Shi, Z.-H., Zalucki, M. P. & Liu, S.-S. Conservation biological control and IPM practices in Brassica vegetable crops 
in China. Biol Control 68, 37–46 (2014).
8. Pickett, C. H. & Bugg, R. L. Enhancing biological control: habitat management to promote natural enemies of agricultural pests. 
(Univ of California Press, 1998).
9. Landis, D. A., Wratten, S. D. & Gurr, G. M. Habitat management to conserve natural enemies of arthropod pests in agriculture. 
Annu Rev Entomol 45, 175–201 (2000).
10. Bokonon-Ganta, A. H., de Groote, H. & Neuenschwander, P. Socio-economic impact of biological control of mango mealybug 
in Benin. Agriculture, ecosystems & environment 93, 367–378 (2002).
11. De Groote, H., Ajuonu, O., Attignon, S., Djessou, R. & Neuenschwander, P. Economic impact of biological control of water 
hyacinth in Southern Benin. Ecol Econ 45, 105–117 (2003).
12. Cortesero, A., Stapel, J. & Lewis, W. Understanding and manipulating plant attributes to enhance biological control. Biol Control 
17, 35–49 (2000).
13. Altieri, M. A. & Nicholls, C. I. Biodiversity and pest management in agroecosystems. (Food Products Press, 2004).
14. Messing, R. H. & Wright, M. G. Biological control of invasive species: solution or pollution? Front Ecol Environ 4, 132–140 
(2006).
15. Jonsson, M., Wratten, S. D., Landis, D. A. & Gurr, G. M. Recent advances in conservation biological control of arthropods by 
arthropods. Biol Control 45, 172–175 (2008).
16. Howarth, F. G. Environmental impacts of classical biological control. Annu Rev Entomol 36, 485–509 (1991).
17. Louda, S. M., Pemberton, R., Johnson, M. & Follett, P. Nontarget Effects-The Achilles’ Heel of Biological Control? Retrospective 
Analyses to Reduce Risk Associated with Biocontrol Introductions. Annu Rev Entomol 48, 365–396 (2003).
18. Desneux, N., Barta, R. J., Hoelmer, K. A., Hopper, K. R. & Heimpel, G. E. Multifaceted determinants of host specificity in an 
aphid parasitoid. Oecologia 160, 387–398 (2009).
19. Desneux, N., Blahnik, R., Delebecque, C. J. & Heimpel, G. E. Host phylogeny and specialisation in parasitoids. Ecol Lett 15, 
453–460 (2012).
20. Van Lenteren, J., Bale, J., Bigler, F., Hokkanen, H. & Loomans, A. Assessing risks of releasing exotic biological control agents of 
arthropod pests. Annu Rev Entomol 51, 609–634 (2006).
21. Vorsino, A. E., Wieczorek, A. M., Wright, M. G. & Messing, R. H. Using evolutionary tools to facilitate the prediction and 
prevention of host-based differentiation in biological control: a review and perspective. Ann Appl Biol 160, 204–216 (2012).
22. Symondson, W., Sunderland, K. & Greenstone, M. Can generalist predators be effective biocontrol agents? Annu Rev Entomol 
47, 561–594 (2002).
23. Vet, L. E. & Dicke, M. Ecology of infochemical use by natural enemies in a tritrophic context. Annu Rev Entomol 37, 141–172 
(1992).
24. Meyhofer, R. & Casas, J. Vibratory stimuli in host location by parasitic wasps. Journal of insect physiology. 45, 967–971 (1999).
www.nature.com/scientificreports/
8Scientific RepoRts | 5:12729 | DOi: 10.1038/srep12729
25. Carthey, A. J., Bytheway, J. P. & Banks, P. B. Negotiating a noisy, information - rich environment in search of cryptic prey: 
olfactory predators need patchiness in prey cues. J Anim Ecol 80, 742–752 (2011).
26. Benelli, G. & Canale, A. Learning of visual cues in the fruit fly parasitoid Psyttalia concolor (Szepligeti) (Hymenoptera: 
Braconidae). Biocontrol 57, 767–777 (2012).
27. Kaplan, I. Attracting carnivorous arthropods with plant volatiles: The future of biocontrol or playing with fire? Biol Control 60, 
77–89 (2012).
28. De Moraes, C., Lewis, W., Pare, P., Alborn, H. & Tumlinson, J. Herbivore-infested plants selectively attract parasitoids. Cah Rev 
The 393, 570–573 (1998).
29. Turlings, T. C. & Wäckers, F. Recruitment of predators and parasitoids by herbivore-injured plants. Advances in insect chemical 
ecology 2, 21–75 (2004).
30. Ritchie, E. G. & Johnson, C. N. Predator interactions, mesopredator release and biodiversity conservation. Ecol Lett 12, 982–998 
(2009).
31. Dicke, M. & Baldwin, I. T. The evolutionary context for herbivore-induced plant volatiles: beyond the ‘cry for help’. Trends Plant 
Sci 15, 167–175 (2010).
32. Benelli, G., Pacini, N., Conti, B. & Canale, A. Following a scented beetle: larval faeces as a key olfactory cue in host location of 
Stegobium paniceum (Coleoptera: Anobiidae) by Lariophagus distinguendus (Hymenoptera: Pteromalidae). Chemoecology 23, 
129–136 (2013).
33. Wajnberg, E. & Wajnberg, E. Chemical Ecology of Insect Parasitoids: Towards a New Era. (2013).
34. Benelli, G., Carpita, A., Simoncini, S., Raspi, A. & Canale, A. For sex and more: attraction of the tephritid parasitoid Psyttalia 
concolor (Hymenoptera: Braconidae) to male sex pheromone of the olive fruit fly, Bactrocera oleae. J Pest Sci 87, 449–457 (2014).
35. Knolhoff, L. M. & Heckel, D. G. Behavioral assays for studies of host plant choice and adaptation in Herbivorous Insects. Annu 
Rev Entomol 59, 263–278 (2014).
36. Benelli, G. et al. Cues triggering mating and host-seeking behavior in the aphid parasitoid Aphidius colemani (Hymenoptera: 
Braconidae: Aphidiinae): implications for biological control. J Econ Entomol, doi: 10.1603/EC14291 (2014).
37. Wackers, F. L. Assessing the suitability of flowering herbs as parasitoid food sources: flower attractiveness and nectar accessibility. 
Biol Control 29, 307–314 (2004).
38. Winkler, K., Wäckers, F., Bukovinszkine-Kiss, G. & Van Lenteren, J. Sugar resources are vital for Diadegma semiclausum fecundity 
under field conditions. Basic Appl Ecol 7, 133–140 (2006).
39. Wäckers, F. in Plant-provided food for carnivorous insects: A protective mutualism and its applications (eds Wäckers, F. L., van 
Rijn, P. C. J. & Bruin, J.) 17–74 (Cambridge University Press, 2005).
40. Wäckers, F. L., van Rijn, P. C. J. & Heimpel, G. E. Honeydew as a food source for natural enemies: Making the best of a bad 
meal? Biol Control 45, 176–184 (2008).
41. Lundgren, J. G. Nutritional aspects of non-prey foods in the life histories of predaceous Coccinellidae. Biol Control 51, 294–305 
(2009).
42. Wäckers, F. L. & van Rijn, P. C. Pick and mix: selecting flowering plants to meet the requirements of target biological control 
insects. Biodiversity and Insect Pests: Key Issues for Sustainable Management 9, 139–165 (2012).
43. Silveira, L. C. P., Bueno, V. H. P., Louzada, J. N. C. & Carvalho, L. M. Species of Orius (Hemiptera, Anthocoridae) and thrips 
(Thysanoptera): interaction in the same habitat? Rev Arvore 29, 767–773 (2005).
44. Crawley, M. J. in Seeds: the ecology of regeneration in plant communities (ed Gallagher, R. S.) 167–182 (CABI, 2000).
45. Bickerton, M. & Hamilton, G. Effects of intercropping with flowering plants on predation of Ostrinia nubilalis (Lepidoptera: 
Crambidae) eggs by generalist predators in bell peppers. Environ Entomol 41, 612–620 (2012).
46. Wratten, S. D., Gillespie, M., Decourtye, A., Mader, E. & Desneux, N. Pollinator habitat enhancement: benefits to other ecosystem 
services. Agriculture, Ecosystems & Environment 159, 112–122 (2012).
47. Huang, N. et al. The banker plant method in biological control. Crit Rev Plant Sci 30, 259–278 (2011).
48. Parolin, P., Bresch, C., Poncet, C. & Desneux, N. Functional characteristics of secondary plants for increased pest management. 
Int J Pest Manage 58, 368–376 (2012).
49. Parolin, P., Bresch, C., Ruiz, G., Desneux, N. & Poncet, C. Testing banker plants for biological control of mites on roses. 
Phytoparasitica 41, 249–262 (2013).
50. Xue, J., He, J. & Xie, Y. Attractive effect of plant volatiles on Harmonia axyridis (Pallas). China Journal of applied and environmental 
biology 14, 494–498 (2008).
51. Osawa, N. Ecology of Harmonia axyridis in natural habitats within its native range. Biocontrol 56, 613–621 (2011).
52. Wang, S., Michaud, J., Tan, X., Zhang, F. & Guo, X. The aggregation behavior of Harmonia axyridis in its native range in 
Northeast China. Biocontrol 56, 193–206 (2011).
53. Michaud, J. in Ecology and Behaviour of the Ladybird Beetles (Coccinellidae) (eds Hodek, I., van Emden, H. F. & Honek, A.) 
488–519 (John Wiley & Sons, Ltd, 2012).
54. Lundgren, J. G., López-Lavalle, L. A. B., Parsa, S. & Wyckhuys, K. A. Molecular determination of the predator community of a 
cassava whitefly in Colombia: pest-specific primer development and field validation. J Pest Sci 87, 125–131 (2014).
55. YU, Y., Zhang, A. & Yan, Y. Studies on the occurrence and dispersion of Orius sauteri in relation to ground cover vegetation in 
apple orchard and adjacent farms. Chinese Journal of Biological Control 14, 148–151 (1998).
56. Lin, R., Zhang, R., Tian, C. & Feng, L. Community structure of predatory arthropods in agricultural landscape of Southern 
Xinjiang. Chinese Journal of Biological Control 19, 1–5 (2003).
57. Brown, M. & Miller, S. Coccinellidae (Coleoptera) in apple orchards of eastern West Virginia and the impact of invasion by 
Harmonia axyridis. Entomol News 109, 136–142 (1998).
58. Mizell, R. F., III Impact of Harmonia axyridis (Coleoptera: Coccinellidae) on native arthropod predators in pecan and crape 
myrtle. Fla Entomol 90, 524–536 (2007).
59. Xiong, X. & Tian, H. The occurrence of Propylaea japonica in cotton field in Dongting lake area and its utilization. Plant 
Protection Techology and Extension 23, 22–23 (2003).
60. Zhang, S. et al. Research advances of Propylaea japonica (Thunberg) in biology, ecology and utilization. Agricultural Research in 
the Arid Areas 22, 206–210 (2005).
61. Jiang, Y., Wu, Y., Duan, Y. & Gao, X. Control Efficiencies of Releasing Orius sauteri (Heteroptera: Anthocoridae) on Some Pests 
in Greenhouse Pepper. Chinese Journal of Biological Control 27, 414–417 (2011).
62. Yin, J. et al. Thrips Control on the Greenhouse Eggplant by Releasing Orius sauteri (Heteroptera: Anthocoridae). Chinese Journal 
of Biological Control 29, 459 (2013).
63. Han, P., Niu, C.-Y. & Desneux, N. Identification of Top-Down Forces Regulating Cotton Aphid Population Growth in Transgenic 
Bt Cotton in Central China. PloS one 9, e102980 (2014).
64. Karimzadeh, J., Hardie, J. & Wright, D. J. Plant resistance affects the olfactory response and parasitism success of Cotesia vestalis. 
J Insect Behav 26, 35–50 (2013).
65. Turlings, T. C., Davison, A. & TamÒ, C. A six - arm olfactometer permitting simultaneous observation of insect attraction and 
odour trapping. Physiol Entomol 29, 45–55 (2004).
www.nature.com/scientificreports/
9Scientific RepoRts | 5:12729 | DOi: 10.1038/srep12729
66. Tamò, C., Ricard, I., Held, M., Davison, A. C. & Turlings, T. C. A comparison of naive and conditioned responses of three 
generalist endoparasitoids of lepidopteran larvae to host-induced plant odours. Anim Biol 56, 205–220 (2006).
67. Davison, A. & Ricard, I. Comparison of models for olfactometer data. Journal of agricultural, biological, and environmental 
statistics 16, 157–169 (2011).
68. Ricard, I. & Davison, A. Statistical inference for olfactometer data. Journal of the Royal Statistical Society: Series C (Applied 
Statistics) 56, 479–492 (2007).
69. Sørensen, J. G., Addison, M. F. & Terblanche, J. S. Mass-rearing of insects for pest management: Challenges, synergies and 
advances from evolutionary physiology. Crop Prot 38, 87–94 (2012).
70. Zhimo, Z. & McMurtry, J. Development and reproduction of three Euseius (Acari: Phytoseiidae) species in the presence and 
absence of supplementary foods. Exp Appl Acarol 8, 233–242 (1990).
71. McEwen, P., Jervis, M. & Kidd, N. Influence of artificial honeydew on larval development and survival in Chrysoperla carnea 
[Neur., Chrysopidae]. Entomophaga 38, 241–244 (1993).
72. Limburg, D. D. & Rosenheim, J. A. Extrafloral nectar consumption and its influence on survival and development of an 
omnivorous predator, larval Chrysoperla plorabunda (Neuroptera: Chrysopidae). Environ Entomol 30, 595–604 (2001).
73. Yong, T.-H. Nectar-feeding by a predatory ambush bug (Heteroptera: Phymatidae) that hunts on flowers. Ann Entomol Soc Am 
96, 643–651 (2003).
74. Lewis, W. J. & Takasu, K. Use of learned odours by a parasitic wasp in accordance with host and food needs. Cah Rev The 348, 
635–636 (1990).
75. Fadamiro, H. Y. & Heimpel, G. E. Effects of partial sugar deprivation on lifespan and carbohydrate mobilization in the parasitoid 
Macrocentrus grandii (Hymenoptera: Braconidae). Ann Entomol Soc Am 94, 909–916 (2001).
76. Wäckers, F. A comparison of nectar-and honeydew sugars with respect to their utilization by the hymenopteran parasitoid 
Cotesia glomerata. J Insect Physiol 47, 1077–1084 (2001).
77. Adjei-Maafo, I. K. & Wilson, L. T. Factors affecting the relative abundance of arthropods on nectaried and nectariless cotton. 
Environmental entomology. 12, 349–352 (1983).
78. Buttery, R. G. & Ling, L. C. Corn leaf volatiles: indentification using Tenax trapping for possible insect attractants. J Agr Food 
Chem 32, 1104–1106 (1984).
79. Turlings, T. C., Tumlinson, J. H. & Lewis, W. Exploitation of herbivore-induced plant odors by host-seeking parasitic wasps. 
Science 250, 1251–1253 (1990).
80. Mumm, R. & Dicke, M. Variation in natural plant products and the attraction of bodyguards involved in indirect plant defense 
The present review is one in the special series of reviews on animal-plant interactions. Can J Zoolog 88, 628–667 (2010).
81. Zhu, J., Cossé, A. A., Obrycki, J. J., Boo, K. S. & Baker, T. C. Olfactory reactions of the twelve-spotted lady beetle, Coleomegilla 
maculata and the green lacewing, Chrysoperla carnea to semiochemicals released from their prey and host plant: 
electroantennogram and behavioral responses. J Chem Ecol 25, 1163–1177 (1999).
82. Song, B. et al. The Structure Characteristics of Arthropod Community in Plots of Pear Orchard Intercropped with Different 
Aromatic Plants. Scientia Agricultura Sinica 43, 769–779 (2010).
83. Chen, M., Zhou, Z. & Luo, J. Niche and temporal pattern of arthropod community in cotton-alfalfa intercrop fields. Acta 
Prataculturae Sinica 17, 132–140 (2008).
84. Chen, M., Luo, J. & Li, G. Evaluating Alfalfa Cutting As a Potential Measure to Enhance Predator Abundance of Aphis 
gossypii(Homoptera: Aphididae) in Cotton-alfalfa Intercropping System. Acta Agrestia Sinica 19, 922–926 (2011).
85. Kajita, Y. & Evans, E. W. Alfalfa fields promote high reproductive rate of an invasive predatory lady beetle. Biol Invasions 12, 
2293–2302 (2010).
Acknowledgments
This research is supported by the National Basic Research Program of China (973 Program) (grant 
2013CB127605), the Special Fund for Agroscientific Research in the Public Interest (grant nos 201303024 
and 201303108), the Beijing NOVA program (No. Z121105002512039), and the Beijing municipal 
Science Foundation for Post doctor and Postdoctoral Foundation of Beijing Academy of Agriculture 
and Forestry Sciences.
Author Contributions
S.L., N.D., F.Z., X.G. and S.W. designed experiments; S.L. and J.Z. performed experiments; X.T. and G.B. 
contributed materials and analytic tools; S.L., X.T., N.D., G.B., X.L. and S.W. analyzed data; S.L., X.T., 
N.D., G.B., J.Z., X.L., F.Z., X.G. and S.W. wrote the paper.
Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Li, S. et al. Innate positive chemotaxis to pollen from crops and banker plants 
in predaceous biological control agents: towards new field lures?. Sci. Rep. 5, 12729; doi: 10.1038/
srep12729 (2015).
This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/
